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ABSTRACT

This paper discusses the development and
applicationof a stochtistlcthree-dimensional
‘%eservolrmodel for gas-waterflow, The model
treat~ the occurenceof natural fracture% and
;h&les In the reservoiras random, and as such

dlscontlnulties be arbitrarily
distributedamong the re;e%olr grid blocks. A
simple shale management scheme that does not
require the formulation of a sand-shale
permeabilityrelationshipis used. However,tti@
developed r?odel requires the estimation of
effective flaw properties for the fractured
reservoirnodes. By this,we attemptto simulate
the effectivepermeabilitymeasuredby the slope
of a fracturedreservoirbuild-up curve. The
model may be used to compute the reservoir
performanceof a fractured,Ientlcularsand ge.s
reservoir as well as that of a conventional
blanketsand. Resultsof demonstrationproblems
based on publisheddata on Paludalzones 3 and 4
cf the Mesaverdeformation In western Culorado
suggest that the effects of sand lentlcularlty
may not be as marked as have previouslybeen
calculatedby modlfyirtgsand thicknessby sand
lensefactor.

IHTROOUCTION

The U. S. GeologicalSurvey estimatesPlceance
Basin gas In place at 4~0 tcf, including68 tcf
potentiallyrecoverable. In order to develop
these mlcrodarcy fields to their ecortomic
productioncapacities,unconventionalmethods of
productionare requl~etl.

m. ●
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Referencesand Illustrationsat end of paper.

The effortto developsuchefflclentproduction
techniquesIs the prlnctpalobjectiveof the U.
S&llartmertt of Energy’sWltlwell Experiment

located In the Rullson Field In the
Plce~nceBasinof northwesternColorado. TheNNX
field pro~ect Is aimed at characterizingthe
lentlcular,tight gas sands that are present In
this regfon. The reservnlr and stimulation
Informationacquiredfromthis fieldresearchwas
used tn the hydraulicstinxtlatlonof the Paludal
zones 3 and 4 of the !Jeseverdeformation. As the
prellmlrtary results suggest, an optimum
performancewas not realizedfrom the stimulation
program, This Is an Indl::tion of the
dlf’flcultles encountered developing
noiicontinuous,tightgas sands.

In situationssuch as the MAX problem, or In
cases where conventional well methods are
unreliable or Impractical, cxnnputer-based
slmulatursmay be used to accessthe Influenceof
each pertinent reservofr paremeter on gas
production. The effectson reservoirperf;man:
of such dlscontlrrutlesas shales,
fracturesand faults are especiallysuitablefor
study by the use of numerical reservoir
simulators. Such simulators wou;:d~devise
approximate, realistic, for
generating Ide;l?zed reservoir representations
for subsequent ev~luation of proposed field
developmentschemes.

There are simulationtrx+~ofornoncontinuousgas
reservoirsin existence, The few paperscited
representonly a partialllstof the publications
In this area, One of the major problems of
modelingnoncontinuoustightgas sandsstemsfrom
the fact that the sand~oexhibit many Internal
permeabilityvariations. Propertycorrelations
developedfor a par;;,t:$rsand lensemay not be
appropriate for distributed lenses.
Becauscof such problems,sfostdevelopersof
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noncontinuous reservoir systems take the $y = kyy (1 - :.) +’
stochasticapproach.

‘f
W2

In this study,the same basicilppt’Q3Chis adopted f
%yz+~yy~.z . ● .(2)

in the developmentof a 3-O water-gasflow model
In which the pfesenceof sand lensesand natural
fracturesare assuffiedrandom. This assumptionis G =kzz(l-wf ~)+
not unrealisticba~~d on th$ reportpublishedby Zz

Lorenz and Finley. Using the model described
below,the performanceof a fracture,lenticular kfz wf (~ ,) . ● .(3)
gas reservoir was simulated. The results
indicatethat the effects of sand lentlcularity
may have been over~estlmatedIn an earliermodel ?=QfAVf+6AV . . .(4)
by Evansand Ubanl. m m

THE ~EL All assumptionsthat are made In the derivations- ——

The model accountsfor the effects of natural
of the above relationshipsare discussedIn the
report. Observe how the effectivepermeabi1fty

fracturesand sand dlscontlnultleson reservoir expressionsreduce to the correspondingmatrix
performance, Figure 1 representsan Ideallzed permeablli;;sforunfracturednodes. Thed~eacture
sand-shaleblQck with known sand-lensefactor. medium attached poroslty to
Sand-lensefactor In this context is defined as mineralizationand/Gr silt dspositlon In the
the fraction Gf sand vGlume !n a given cracks. By seeking effective properties the
reservofr. A blockmay c.ntalnnaturalfractures ratbw ?omplex flow problem Is reduced to a
whose concentratlrm,orientation,average width ma!a~able level. AIs;i it appearsthat randomly
and the pertinentflow propertiesare assumed fractures a more real+s~jc
known, The followingsimplifyingassumptionsare approximationthah regularlyplacedfractures.
made In the developmentof the model,

Sand !.enticularlty
MOOELASSWPTJONS—

A basic assumption in this treatment of sand
10 The fractureplanescoincidewith any two of lenticularityis that the sand-shalevolumeratio
the three principalpermeabilityaxes which are is known. Since the sand lenses are assumed
in turn arbitrarily oriented in the three stochastic,the sand and shale nodes may be
cartesianaxes. randomlyplaced In a simulatorgrid system. A

node Is eithera shale node or a sand node. The
2. All matrixblocksin the samecell b’iockhave random node generationis terminatedwhen the
the same bulksize. total generatedsand-shalevolume ratio matches
3. All fractures are vertical and fully the apriori knGwn value. In other words, the
penetratethe verticalextentof the cell block. fraction of the total grid blocks that is

4. A cell blGckrepresentseithera sand nodeor
simulatedas sand nodes correspondsto the sand
lensefactor.

a shalenode. In one of the earlier published reports on
noncontinuousi~andmodeling,

The above assumptionswere made ,,,pr$vious Gldley et al used Knutson’sgwork as a guide
models of lenticular tight gas sands to for manipulating a conventional reservoir
facilitatethe calculationsof the effectiveor simulator to match production performancesof
cell block properties which are used in the wells completed in Iow-permeabi1ity gas
SOIUtiOnS of the governingflGw S!(@lOnS. All formations stimulated by massive hydraulic
assumptions may be relaxed with appropriate fracturing. Simulation results matched well
modificationsto the procedure for calculating production histories when the sand thickness
effeetive, permeabi1ity and volume average availableitIthe wellboreof the fracturedwell
porosity. was reducedby the sand lensefactorof 25%,

EFFECTIVEAND AVERAGEPROPERTIES A similar approach of linearly adjusting the

[n calculatingthe effective or average flow
productivity index of a blanket sand to obtain
the performanceof lenticularsand performance

properties,the relationshipsdeveloped In our was used in reference 7. This technique is
earlier work are used. For the purpose of equivalentto forcingthe system to behave In a
completenessthe effectivevaluesare given by: predeterminedfashion. For tight gas sands, an

over prediction of the effects of sand
Wf discontinuity on reservoir performance may

Rxx=kxx (l’=) + result, In this xtudy,no blaswas introducedin
the model so that the true effect of sand
lenticularityon reservoirperformancecould be

Wf Wf2 observed,

kfx~+ kxxm ● ● .(1)
The flow eq~ations that are presented below
govern the transportof flulds in Qur proposed
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reservoirmotel. Gas Equation

I%veloment of Mel ~~vernlrnEauatlons

[

v . [K]--~(vPg-p
1

L!Jo) +qg
Tlm basic equationsthat are combinedto develop ‘9 9 9 9C
the general gas-waterflow equatlcms in porous
media are as follows:

a(l/Bq) 1 a Sw ~
1. ContlnultyEquatfon =*(S

9 ap9
‘~Ti# at +

v ● (Pd$j)- ~jsc qjsc *
[*c(l -d+&&+ ● ● ●(W

+ (494s$

j =gas, water
Equailons(11) and (12) govern the flow of gas

2. Equatlonof Motion
and water in the proposedlentlcularsandmodel,
presentedin this report. For a fracturednode,
the permeabilityIs replticedby the effective

?~k [K](vP. -P j$. vD)O . , (0) permeabilityand the porosity by the wr’ hted
j rj J ?)-V?rage porosity as computedIn equations 1 -

c {4)●

whe:e

[

1

METNODOFSOLIJTION
kOO

[K] = Oxx kyy O

[

. ..(7)
The simultaneous,solutlon (SS) approach Is
adopted in order to take advantage q{ the

O 0 kzz impllcittreatmentof transmlssibilltles. In
gas-water flow systems,the assumptionof zero

3. PorosityEquation
capillary pressure may not be reallstlc,
especiallyIn tightsands,and the formulationof
such problems using implicitpressure,explicit

*= C+(l-0) , . .(8)
saturationtechniquemay not be appropriate.The
resulting non-linear flow equations are
approximated by finite differences where a

The necessarya~~iliaryequationsinclude
varietyof solutiontechniquesexist. The system
of llnear equations are solved by iterative
techniques -- line (block)

4. Saturations
successive

overrelaxation (LSOR]$ or point successive
overrelaxation(PSOR).

Sg+sw=l ● ● ,(9) MODELAPPLICATION

5. CapillaryPressure
The followingdemonstrationproblemsare chosen
to illustratetwo different boundary condition
modes.

pc.p-pw
9

. . ,(10) Case 1: Rate constrainedwell

Equations(5) - (10)may Lecomblned to give the
The MultiwellExperimentReservoirz(Paludal3

followingflow equations:
& 4) presents a reasonablecase to test the
applicabilityof the model to lenticular,

Waterequation
tightgas reservoirs, References2 and 3give
usefu~a:;~a~atl~;nd~,the pr~;[;;;;urehistory

[ 1
of fracture

V. [K]~(vPw-@w~vD)+qw
characteristicsare also given,although,only
ranges of variablesare provided. Based on
those published characteristics,a set of
simulation data was assembled for use in

{[

a(l/Bw) 1 a Sw

1

reproducingthe pre-fracturepressurebuildup
data for the reservoir.

_ 4 sw’~-~i~ +
, Table 1 shows the major characteristicsused

Sw

.)

in generatingthe resultrepresentedin figure
aP 2*

qc (l-o)+
This model calculateda compositewell

block permeabilityof 38vd compared to the
rep~r#ed prefecture well test value of 36
pd. A production period of 7 days was

‘~~% , . .(11)
simulatedwi’;htwo step ratesof 200 MCF/Dand
250 MCF/D prior to shut in. With proper
manipulationof the very sensitivevariables

-..
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(water satvratlon, fracture permeabllltle$,
fracture width, and sand permeability),a
better match than shown may be obtained.
However, this match is adequatebecause the
primary objective is to demonstrate the
applicabilityof the developed model to a
fieldsituation.

For this example,a IOX1OX2grid systemwas
used to simulatetha reservoirsize shown in
Table 1. Time step size variedfrom 1 day to
5 days. Materialbalanceerrordid not exceed
0.02%. However, the average numlm” -f
Iterations before convergence, using a
toleranceofO.1 psi was20.

Case 2: PressureConstraied Hell

Except for tne followingchanges, the same
data set used in Case 1 was applied to
investigatethe effectof Ienticularityofthe
productionperformanceof a tight reservoir.
A fixed bottom nole pressureof 1000psia was
used e,sthe well boundarycondition. Iiatcr
saturationwas as~umedas 45%.

Figure3 showsthe predictedinfluenceof sand
discontinuity on cumulative gas recovery.
Dependingon the size and permeabilityof the
sand lense in which the well is completedthe
reservoir will behave as a blanket sand
initially. As the well block depletes,the
effect of sand discontinuity may be
observed. The time shotinin figure3 as the
deviationpoint from the blanket sand curve
may depend on the permeabilityof the sand.
For our examplereservoir,It takesabout 200
days of flow before lenticularitystarts to
affect production. In this case, any
performanceprojectionsmade beforethis time
may be too optimistic.

Figure 4 comparesthe resultsobtainedusing
this model to that obtainedby adjustingthe
well productivityindexor reservoirthickness
with the sand lensefactor. The resultshows
that adjustingthe sand thicknessobservedat
the well bore by the sand lense factor as a
methodof accountingfor sand discontinuityin
a simulatormay lead to extremelypessimistic
predictions. We bellevethat the methodtends
to force the systemto followa pre-determined
pattern. That is, production from a
lenticularreservoirIs assumedto be directly
proportionalto the sand lensefactor.

These two exampleslllustr~tehow the proposed
model may be applied to a discontinuous
reservoir under gas-water production. The
model Is also amenableto a homogenoussnon-
fractured,reservoir under single phase gas
flow,

An apparentproblemwith the model Is that.the
effective propertiesfor fracturednodes as
given In equations (1) - (3) depend on the
dimensionsof the grid blocks. The choiceof
the number of grid blocks used to simulatea
given reservoirmay affectthe esults. Also,
the interpretationof result; obtainedusing
this model shouldbe only In tne llghtof the

assumptionsllstedIn this paper.

COMCLUWMS

I The proposedapproachto the handlingof shalefn
lenticular reservoir does not require th~
formation of a relationshipwhich will involve
variablesof characteristicsthat are difficult
to determine.

In low permeabilitysands, lenticularitymay not
affect reservoir performance early in the
productionhistory.

It may not be appropriateto decreasethe sand
thicknessor the well productivityindex by the
sand Iense fact~~iswhenmodeling a lenticular
reservoir. may yield pessimistic
predictions.
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~CJENCLATURE

El formationvolumefact~r(BBL/STBor B8L/SCF)
c compressibility(PSI-)
O depthmeasureddownward ft)

\
g accelerationof gravity ft/sec2)
g ~nit conversionfactor 32.174 lbm - ft/lbf-
s~c )
~Klabsolutepermeability(d ormd)

permeabilitytensor(d ormd)

fijfluidpressure(psi)
relatlvepermeabilityof phase j

q flowrate (SCF/OAY/Volumeor STB/DAY/Volume)
s phase saturation
t time (day)
T temperature,“F
Vj velocityof fluidphase j (ft/day)
w naturalfracturewidth (in)
X,Y,Z rectangularcoordinates
w fluldviscosity(Cp)
P fluiddensity(lbs/ftS)
+ porosity

Subscripts
c capillarypressure
f fracture
g gas
m rock matrix
r relatlvevalue
sc standardconditions
w water

Symbols
h vector
v nabladifferentialoperator
A delta or Increment

1
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MSERWIR CHARACTERISTICSAK! PRCWCIIOII OA?AOf

PALUOALSAWS ; t 4 U$FO IN NOEL

Reservoir leiwth, width, th’ mess 2000,350,40 f t

Smdparostty 10.25X

l!atrix pemmbility 3ti

Sh*le fwtor 30s

fracture frequency 35x

Fracture perweabllity, kfnax. kfmi” 5000,500 M

HMimm fricture width lm

fracture peros!ty 35.80s

In ftlal reservoir pressure 53s0 psf

In!tfal gas saturation 79X

Gas production rtte 21M .250 14$CF/O

Gas speclf!c gravity 0,65

Hater tpec!fic grwtty 1.04

Rcaervotr teafitrature 210 ‘f
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